We study two-body weak hadronic decays of ψ and Υ employing the factorization scheme. Branching ratios for ψ → P P/P V and Υ → P P/P V decays in the Cabibboangle-enhanced and Cabibbo-angle-suppressed modes are predicted.
Introduction
A wealth of experimental data on masses, lifetimes and decay rates of charm and bottom mesons has been collected [1] . Models based on factorization scheme [2, 3] , successfully used to describe weak decays of naked flavor mesons, can also be used to study weak decays of hidden flavor mesons. Low lying states of quarkonia systems usually decay through intermediate photons or gluons produced by the parent cc and bb quark pair annihilation. For instance, charmonium state ψ(1S) decays predominantly to hadronic states (87.7%), whereas its leptonic modes are observed to be around 6%. The same trend follows for the bottomonium states Υ(1S) also. These OZI violating but flavor conserving decays lead to narrow widths to ψ and Υ states.
In the Standard Model framework, the flavor changing decays of these states are also possible though these are expected to have rather low branching ratios.
At present, experiments have crossed over to many million ψ-events and the prospectus are good for a 100-fold increase in these events in the high energy electron-positron collider. It is expected that some of its rare decay modes may also become detectable in future. With this possibility in mind, we study two-body weak decays of ψ in Cabibbo-angle-enhanced and Cabibbo-anglesuppressed modes. Employing the factorization scheme, we predict branching ratios for ψ → P P/P V decays ( where P and V represent pseudoscalar meson and vector meson respectively ) and extend this analysis to Υ → P P/P V decays involving b → c transitions.
Two-body Weak Decays of ψ
The structure of the general weak current ⊗ current Hamiltonian is
for Cabibbo-angle-enhanced mode (∆C = ∆S = −1), and
for Cabibbo-angle-suppressed mode (∆C = −1, ∆S = 0).
represents the color singlet V-A current and V ij denote Cabibbo-KobayashiMaskawa (CKM) mixing matrix elements. The subscript H implies that ( q 1 q 2 ) is to be treated as a hadron field operator. a ′ s are the two undetermined coefficients assigned to the effective charge current, a 1 , and the effective neutral current, a 2 , parts of the weak Hamiltonian. These parameters can be related to the QCD coefficients c 1,2 as
where ζ is usually treated as a free parameter, to be fixed by the experiment.
We take
on the basis of D → Kπ decays [4] .
ψ → P P Decays
The decay rate formula for ψ → P P decays is given by
where p c is the magnitude of the three momentum of final state meson in the rest frame of ψ meson and m ψ denote its mass. Following the procedure adopted by one of us (RCV) with Kamal and Czarnecki [5] in determination of the weak decay amplitudes of ψ decays, we express the decay amplitude of ψ → P P as (upto the scale
where J µ is the weak V-A current. Matrix elements of the weak current are given by
and
where f P is the meson decay constant, ǫ ψ is the polarisation vector of ψ, P ψ and P P are the four-momenta of ψ and pseudoscalar meson respectively, and
In the Cabibbo-angle-enhanced mode, ψ can decay to D
trate the procedure, we consider the color enhanced decay ψ → D + s π − whose decay amplitude can be expressed as
which gets simplified to
Similarly, the factorization amplitude of the decay ψ → D 0 K 0 and Cabibboangle-suppressed decays of ψ are obtained. We take the following values for the decay constants (in GeV ) [6] :
For the form factors at q 2 = 0, we use
obtained in the earlier work [5] using the BSW model wavefunctions [7] at ω = 0.5 GeV. The oscillator parameter ω is the measure of the average transverse momentum of the quark in the meson [7] . We use the following basis for η − η ′ mixing:
where φ p = θ ideal − θ physical . Using the decay rate formula (5), we compute branching ratios of various ψ → P P decays which are listed in Table- 
and the next in order is ψ → D 0 K 0 , whose branching ratio is
We hope that these branching ratios would lie in the detectable range.
ψ → P V Decays
Similar to ψ → P P decays, the weak decay amplitude for ψ → P V decays can be expressed as product of the matrix elements of the weak currents,
where the vector meson is generated out of the vacuum, and the corresponding matrix element is given by
Using the matrix elements given in (8) , and (9), we obtain
which yields the following decay rate formula:
where
Nonkinematic factor is the product of scale factor (
V ud V cs * ) and the appropriate QCD coefficient a 1 or a 2 . The terms corresponding to A 1 (q 2 ), V (q 2 ), and A 2 (q 2 ) represent S, P, and D partial waves in the final state. We have computed the numerical coefficients ( α, β, γ, δ ) for various decays which are given in Table- 2. We observe that the numerical coefficient of A 1 (q 2 ) is the largest, thus the retention of S-wave only would appear to be an excellent approximation. For the sake of simplicity, we have retained only this term in our analysis. Following values of the vector meson decay constants (in GeV ) [6] are used in our analysis:
and the form factors [5] A ψD 1 (0) = 0.68, A ψDs 1
at ω = 0.5 GeV. Using the decay rate formula (21), we obtain the branching ratios of ψ → P V decays in Cabibbo-angle-enhanced and Cabibbo-anglesuppressed modes which are given in Table- 3. For the color enhanced decay of the Cabibbo-angle-enhanced mode, we calculate
which is higher than the branching ratio of ψ → D + s π − . Our analysis yields
and therefore ψ → D + s ρ − can be expected to be measured soon.
3 Two-body Weak Decays of Υ In this section, we extend our analysis to Υ → P P/P V decays.
Υ → P P Decays
The effective weak Hamiltonian generating the dominant b quark decays involving b → c transition is given by
for the CKM favored mode and
for the CKM singly suppressed mode. In our analysis we use
as guided by B → P P/P V data [8] . Similar to ψ → P P decays, the factorization scheme expresses weak decay amplitudes as a product of matrix elements of the weak currents ( upto the scale
× CKMf actor × QCDf actor) as :
For instance the decay amplitude for the color enhanced mode Υ → B + c π − of the CKM-favored decays is given by
We take (in GeV )
values [6] in our calculations. Generally the form factors for the weak transitions between heavy mesons are calculated in the quark model framework using meson wave functions. However, in the past few years the discovery of new flavor and spin symmetries has simplified the heavy flavor physics [9] , and it has now become possible to calculate these form factors from certain mass factors involving the Isgur-Wise function. In the framework of heavy quark effective theory (HQET), these can be expressed as
with
where the Isgur-Wise function ξ is normalized to unity at kinetic point v Υ · v Bc = 1. As ω ≈ 1.08 for Υ → B + c π − decay, we have ignored the ω dependence of the Isgur-Wise function ξ and calculate
This in turn yields
The decay amplitudes for other CKM-favored and CKM-suppressed decay modes are obtained similarly. Branching ratios for various Υ → P P decays are given in Table 4 . We find that the dominant decays are Υ → B 
Υ → P V Decays
The decay rate formula for such decays has been discussed in the section 3. Here also for comparison of the contributions of the various form factors involved, we have calculated the numerical coefficients ( α, β, γ, δ ) for various Υ → P V decays, which are given in Table 5 . Like ψ → P V decays, here also numerical coefficient (α) of A 1 (q 2 ) is found to be the largest. Various form factors appearing in A(Υ → P V ) are mutually related by HQET [9] ,
Following the procedure used for ψ → P V decays, we determine the decay amplitudes for various Υ → P V decays in the CKM-favored and CKM-suppressed modes. In addition to the meson decay constants given in (26), two more decay constants ( in GeV ) [6] 
are used here. Branching ratios for these decays are given in Table 6 . Here also, we observe that the dominant mode is B(Υ → B 
